Abstract: Layered indium selenide (InSe) is a van der Waals solid that has emerged as a promising material for high-performance ultrathin solar cells. The optoelectronic parameters that are critical to photoconversion efficiencies, such as hot carrier lifetime and surface recombination velocity, are however largely unexplored in InSe. Here, these key photophysical properties of layered InSe are measured with femtosecond transient reflection spectroscopy. The hot carrier cooling process is found to occur through phonon scattering. The surface recombination velocity and ambipolar diffusion coefficient are extracted from fits to the pump energy-dependent transient reflection kinetics using a free carrier diffusion model. The extracted surface recombination velocity is approximately an order of magnitude larger than that for methylammonium lead-iodide perovskites, suggesting that surface recombination is a principal source of photocarrier loss in
Layered indium selenide (InSe) has been aggressively investigated for high-performance electronic and optoelectronics devices due to its high electron mobility and direct semiconducting band gap at all thicknesses greater than three layers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Since the band gap of multilayer InSe is well-matched to the optimal Shockley-Queisser band gap, it is particularly promising for photovoltaic applications. InSe also possesses low thermal conductivity (due to weak electronphonon coupling) 16 , which, in lead-iodide perovskites, 17 leads to long hot carrier lifetimes (~100 ps) for a portion of the population; this slow thermalization could enable hot carriers to contribute to the photocurrent and photovoltage within an InSe-based solar cell. 18 Hot carrier solar cells are theoretically predicted to have open circuit voltages larger than the band gaps of their component semiconductors, [19] [20] and, in principle, can operate above the Shockley-Queisser limit. 21 Layered bulk InSe was discovered over half a century ago 22 and was subsequently studied as an absorbing layer in Schottky solar cells with power conversion efficiencies exceeding 10%. [23] [24] [25] [26] As a van der Waals solid, InSe has recently attracted renewed interest since exfoliation methods have shown that ultrathin flakes of InSe are promising two-dimensional (2D) semiconductors for application in ultrathin solar cells. [27] [28] [29] The fabrication of high-performance photovoltaic junctions with ultrathin active layers, however, requires minimization of non-radiative surface recombination, which, in turn, requires fundamental studies of the surface recombination velocity (SRV). 6 Here, we report the ultrafast hot carrier dynamics and surface recombination in layered InSe crystals using broadband femtosecond transient reflection (TR) spectroscopy, as a function of excited carrier density and excitation energy. These measurements yield three key findings: i) the dependence of hot carrier dynamics in layered InSe crystals on the density of excited carriers is similar to that in lead-iodide perovskite materials, in which phonon scattering mediates cooling;
ii) the ambipolar diffusion coefficient is 15. GaAs, but larger than that for methylammonium lead-iodide perovskites. [30] [31] We expect that the conclusions we present here for bulk layered InSe will be useful in characterizing carrier diffusion and surface recombination in ultrathin flakes of InSe, where surface-mediated processes have even more critical influence on device performance. With, for instance, transient absorption microscopy [32] [33] the thickness dependence of these critical parameters could be extended to the 2D limit.
Layered InSe crystals were grown by the Bridgman method; the details are described in the Methods section (see Supporting Figures S1 and S2 for materials characterization). 7 TR spectroscopy was conducted on the InSe crystals, which were held in N2 filled quartz cuvette to avoid ambient degradation (see Methods). In general, for direct band gap semiconductors similar to InSe, the refractive index is a factor of 5 to 20 larger than the extinction coefficient at most visible wavelengths. 34 Thus, unlike the more commonly acquired transient absorption (TA) spectrum, the intensities of features within the TR spectrum of bulk semiconductors are approximately proportional to the pump photon-induced changes in refractive index, rather than the pump photon-induced changes in extinction coefficient, [30] [31] 34 and the positve and negative features in TR spectra cannot be simply interpreted as photoinduced absorptions and ground state bleaches, respectively. Figure 1A (black trace) shows the TR spectrum of a single crystal of InSe at 1 ps after pumping at 1.38 eV (bandgap ~1.25 eV). To correctly assign the features in the TR spectrum, we convert it to the corresponding TA spectrum using an inverse Hilbert transformation (iHT, or Kramers-Kronig transformation 30 ), Figure 1A shifts in the absorption/reflection spectra, which then translate to first order derivative-like features in TR spectra. [36] [37] Figures 2A,C show that, when InSe is pumped at 1.38 eV (near the bandgap) such that minimal hot carriers are created, the shape of the TR spectrum is constant over the entire time window of the TR measurement (3 ns). Figures 2B,D show that, after pumping the sample at 3.06 eV (~1.9
eV above the band gap), which generates significant hot carrier population, the relative intensities of the positive and negative peaks in TR spectra evolve over time, on two distinct timescales (Supporting Figure S4 shows the normalized TR spectra). Before 5 ps (Figures 2B,D), the negative peak of the TR feature is significantly suppressed relative to the positive peak due to the additional TR contribution from hot carrier states. At a delay of ~5 ps, the excitonic features appear similar to those in the spectrum of InSe pumped at 1.38 eV, indicating completion of the cooling process.
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The dynamics of thermalization are most easily followed at probe photon energies (Eprobe) near 2.5 eV, where the hot carrier contribution to the TR spectrum is maximized. Figure 3A At later times (e.g., 100 ps), the overall TR signal for the B exciton is lower and some of the asymmetry of the features in the TR spectrum returns ( Figure 2B and Supporting Figure S5 ), but we suspect these changes are due to longer-timescale surface recombination processes discussed directly below.
Figures 4A,B show the free carriers dynamics in single crystal InSe at later times (between 6 ps and 3 ns), when thermalization of carriers is complete. An Eprobe of 2.38 eV and Epump of 1.77 eV were chosen because, with these parameters, the TR spectra have maximum signal-to-noise ratio and the TR intensity has a linear dependence on Npump (see Supporting Figure S7 ). According to a state-filling model, 30, 37 such a linear dependence is a strong indication that the TR signal is predominantly coming from free carriers, which are either free electrons in the lowest conduction band level (CB) or free holes in a deep valence band level (VB2) shown in Figure 1B . The longertime (>6 ps) dynamics of recombination for free carriers in InSe are faster with higher Epump (Figure 4A ), but the dependence of these dynamics on Npump is negligible ( Figure 4B ). The fact that free carrier dynamics have qualitatively different Epump and Npump dependencies at early times (<6 ps) and later times (>6 ps) implies that they are governed by different mechanisms.
The free carrier dynamics of InSe after thermalization can be explained by a free carrier diffusion model that includes surface recombination terms proposed by Yang et al. [30] [31] 41 Like other bulk semiconductors, 30-31 the absorption coefficient of an InSe single crystal monotonically increases with photon energy below 3.3 eV. 22 Therefore, a pump pulse with higher Epump leads to a larger spatial gradient of the initial free carrier density near the sample surface, which produces a larger carrier diffusion rate and faster surface recombination dynamics. The dynamics of the TR signal are therefore sensitive to the pump energy because the TR measurement exclusively probes carriers within ~20 nm of the semiconductor surface (λprobe/4πn, where λprobe  probe wavelength, n  refractive index 30 ). We do not observe a dependence of free carrier dynamics on Npump because 8 density-dependent bulk recombination of free carriers in inorganic semiconductors usually occurs on timescales much larger than our measurement time window (>100 ns). 30, 42 Within the Yang model described above, the ambipolar diffusion coefficient D (i.e., the average of electron and hole diffusion constants) and surface recombination velocities (SRVs) [30] [31] 41 can be extracted by fitting the TR kinetic traces at Eprobe = 2.38 eV between 6 ps and 3 ns with equation 1:
In equation 1, t is the pump-probe time delay, ( ) = 2 ( ), and α is the absorption coefficient of InSe at the corresponding pump photon energy: α = 5×10 4 /5×10 3 /1×10 3 cm -1 at 3.06/2.04/1.38 eV pump energies, respectively. 22 We fit all of the kinetic traces in Figure 4A simultaneously 47 ). The low mobility value we measure (relative to published values) is possibly attributable to the fact that the TR measurement is performed at an oblique reflection angle, which causes our estimate to be the average of interlayer mobility (10 -1~1 0 0 cm 2 V s -1 ) 48 and intralayer mobility (~10 3 cm 2 V s -1 ) .
In conclusion, we have studied the hot carrier and surface recombination dynamics of InSe for InSe could minimize surface recombination and improve power conversion efficiencies. An additional question is whether there is any impact on the observed hot carrier dynamics due to depopulation of VB2 into VB1. In principle, it is possible to combine the TR spectra and kinetics of the A-exciton regions in the near-infrared with the visible-region TR data to decouple the VB2-to-VB1 transition from hot carrier dynamics. In practice, however, the much lower signal-to-noise and time-dependent peak shifts in the NIR data prevent us from doing so here; some further experimental optimization is warranted to pursue this issue. Overall, this work reveals the key photophysical properties of InSe, which will inform ongoing efforts to realize high-performance optoelectronic and photovoltaic applications based on this emerging van der Waals solid. 
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